Introduction {#s1}
============

Overview {#s1a}
--------

The western honey bee (*Apis mellifera*) contributes to about one third of the food supply for humans [@pone.0108486-Calderone1]. Commercial-scale production of almonds, certain fruits (apple, apricot, peach, and cherry) and some vegetables (cucumbers and melons), would not be possible without their role in pollination. In recent decades, honey bee colonies have declined in most agricultural areas worldwide. During the 2012--2013 season, colony loss for the average US beekeeper was 44.8% [@pone.0108486-Steinhauer1], with increasing concern regarding bee health also in Europe and other locations [@pone.0108486-Dainat1], [@pone.0108486-Pirk1]. This situation threatens the global food supply for an expanding human population. The cause for this loss appears to be multifactorial [@pone.0108486-Vanengelsdorp1] and has defied clear definition.

Considerable effort is being devoted to understanding threats that impact normal function of honey bee colonies. Pathogens such as *Varroa destructor* mites [@pone.0108486-Rosenkranz1], tracheal mites [@pone.0108486-McMullan1], two species of *Nosema* intestinal parasites [@pone.0108486-Higes1], [@pone.0108486-Chen1], bacteria [@pone.0108486-Gatschenberger1], fungi [@pone.0108486-Foley1], and viruses [@pone.0108486-Runckel1]--[@pone.0108486-Genersch1] are now recognized to infect honey bees and threaten their survival [@pone.0108486-Vanengelsdorp2]--[@pone.0108486-Dainat2]. Application of xenobiotics (pesticides, herbicides, and fungicides) has also been implicated in the decline of honey bee colonies [@pone.0108486-Pettis1]--[@pone.0108486-Di1]. In addition, climate change, variability in nutritional sources for bees [@pone.0108486-Foley1], [@pone.0108486-Di2], and trends toward migratory beekeeping create additional stress on managed hives [@pone.0108486-Pirk1], [@pone.0108486-Vanengelsdorp3]. Our ability to mitigate stress factors of honey bees will require a better understanding of their defense and response mechanisms. At this time, however, few metrics are available upon which changes in honey bee metabolism can be evaluated and understood.

Honey bee immunity {#s1b}
------------------

The immune systems of insects have some similarities with innate defense strategies in mammals [@pone.0108486-Vilmos1], which can be broadly separated into cellular and humoral (soluble) components. When compared with other insects such as *Drosophila* and *Anopheles*, honey bees have only about one third the number of genes devoted to immunity, suggesting either their immunologic efficiency, or vulnerability to infection [@pone.0108486-Evans2]. Insect hemocytes are a central component of their cellular host defense, wherein mechanisms of phagocytosis, nodulation, encapsulation, and melanization have been described [@pone.0108486-Lavine1], [@pone.0108486-Marmaras1]. Despite the importance of honey bee hemocytes in resisting disease and several fruitful studies involving this topic [@pone.0108486-deGraaf1]--[@pone.0108486-Gilliam1], a number of details about cell types, numbers, and response to challenge are lacking. Therefore, one goal of our study was to extend the work of others who have shown differences between hemocyte types in honey bees.

Honey bees require complex immune defense mechanisms. When compared with solitary insects, they may utilize additional strategies that limit spread of infection through close contact in society members [@pone.0108486-Flenniken1]--[@pone.0108486-Harpur1]. Also, considerable interest has focused on the possibility that honey bees sacrifice or suppress some aspects of immune defense in their later adult life, in exchange for other capabilities [@pone.0108486-Gatschenberger1], [@pone.0108486-Schmid1]--[@pone.0108486-WilsonRich1], [@pone.0108486-Bull1]--[@pone.0108486-Jefferson1]. Even as many of these details continue to emerge, it is now evident that bee colonies that succumb to infectious agents herald mechanisms of disease that breach natural immune surveillance and control.

Hemocyte subsets {#s1c}
----------------

Examination of insect hemocyte subsets has been carried out in several species, including the fruit fly (*Drosophila melanogaster* [@pone.0108486-Williams1]), mosquito (*Aedes aegypti* [@pone.0108486-Oliver1]), and silkworm, (*Bombyx mori* [@pone.0108486-Ling1]--[@pone.0108486-Nakahara1]); as well as in a variety of other invertebrates, including shellfish [@pone.0108486-Yue1], arachnids [@pone.0108486-KuhnNentwig1], crustaceans [@pone.0108486-Shi1], and ascidian tunicates [@pone.0108486-deBarros1]. Fundamental differences in hemocyte types, combined with a paucity of probes for specific cell types, has hindered development of a classification scheme that can be broadly applied across insect orders [@pone.0108486-Lavine1], [@pone.0108486-Ribeiro1]. We hypothesize that in honey bees, stimuli from infectious agents, xenobiotics, nutritional changes, migratory beekeeping practices, seasonal variation, age, and social caste may be reflected in the abundance and types of their hemocytes. A refined understanding of cellular immunity in honey bees could provide new views on their metabolic responses to a spectrum of challenges; some of which threaten their survival.

Our claim {#s1d}
---------

Our study was carried out to contribute to a better understanding of the circulating immune cell types in honey bees. We utilized a combination of flow cytometry and microscopy to describe the subsets of particles in bee hemolymph. Based on comparison to the Diptera, Lepidoptera, and other members of the Hymenoptera insect orders, we observed three primary types of hemocytes in honey bees: 1) permeabilized cells (of uncertain origin) displaying plasma membranes permeable to propidium iodide (PI) and bound by wheat germ agglutinin-FITC (WGA) and annexin V-FITC (annexin V), 2) a similar subset of permeabilized cells that differed in the fact that they were not bound by WGA and had contrasting light scatter properties, and 3) plasmatocytes containing protracted nuclei not labeled by PI, and intact plasma membranes not bound by annexin V, but variably bound by WGA. Both sets of permeabilized cells and the plasmatocytes failed to reveal mitochondrial membrane potential when probed by the JC-1 fluorochrome, which has previously been shown to label active mitochondria in permeabilized cells from larvae of the lepidopteran insect, *Spodoptera frugiperda* [@pone.0108486-Suderman1]. The most numerous hemolymph objects were under 3 µm in diameter, did not contain nuclei, and resembled microparticles or membrane blebs, which have not previously been described in honey bees.

We found hemolymph particulates could be efficiently differentiated based on labeling by PI and WGA. Using flow cytometry, fluorescent particle information could be generated for individual bees, and averaged for a select group. When analysis was applied to bees from a single colony, significant differences between individuals were noted. Therefore, this approach may be used to learn more about polyethism, polyandry, or physiology of individual bees, and potentially their responses to external stimuli.

To demonstrate how hemocyte analysis could be utilized to study the impact of a stress factor on honey bee populations, we applied this approach to colonies that differed in the numbers of associated *Varroa* mites. Distinctions in both total numbers and fluorescent WGA labeling intensity of plasmatocytes were noted among bees from these colonies. Our results suggested hemolymph indices are reactive to certain stimuli that impact colony health, and may provide a new means of evaluating select physiological parameters in hive members.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

Studies did not involve endangered or protected species. Following obtaining permission from the owners of the private apiaries, approximately 120 honey total honey bees were collected from a private apiary in River Falls Township in Pierce County, Wisconsin and approximately 1500 total were collected from a private apiary in Tainter Township in Dunn County Wisconsin.

Reagents {#s2b}
--------

Unless indicated otherwise, all reagents and chemicals were obtained from either Fisher Scientific (Waltham, MA, USA) or Sigma Aldrich (St. Louis, MO, USA). *Honey bees:* Colonies of honey bees were housed in standard 10-frame, deep-body Langstroth hives. Bees were collected from the top edge of honey combs, above and away from the brood-rearing area. This location was chosen for consistency, and to reduce the chance of collecting hatchlings and nurse bees which may represent different phenotypes of hemocyte subsets. We consulted a reference for standard methods in honey bee research [@pone.0108486-Human1] for guidance on hive and bee sampling and for anesthesia of bees by chilling. Our studies included flow cytometry and Wright-stained slides for microscopy involving 25 Carnolian bees from one hive, 25 Russian bees from another hive, 416 Buckfast-Italian cross bees from three separate hives, and 168 Italian bees from two additional hives, providing a total of 634 individual bees. Our analyses included different bee strains to represent some of the more common managed genetic lines. Data produced by these experiments did not identify strain-specific differences in hemocytes. A greater number of hives might be needed to investigate that possibility in detail. Examination of hemocyte subsets in bees with respect to numbers of *Varroa* mites was restricted to three colonies of Buckfast-Italian bees housed in modern equipment purchased from Mann Lake Bee Company in Hackensack, MN.

For all analyses, bees were immobilized in plastic 500 ml bottles by cooling on wet ice for at least 30 minutes [@pone.0108486-Human1]. A 26-guage hypodermic needle was then used to puncture the dorsal surface of the abdominal cuticle between the second and third tergite, and 2-3 µl of hemolymph was extracted using a micropipette.

Smears of all specimens were prepared and examined to obtain microscopic information of hemocytes and to screen samples for contamination by gut contents. Glass slides were first coated with 0.1% gelatin (EmbryoMax \# ES-006-B, EMD Millipore Corporation, Billerica, MA, USA), and after 10 minutes excess gelatin solution was aspirated and slides were air dried. About 0.5 µl of raw hemolymph was then spread on a small area of the coated slide and air dried prior to Wright staining (Diff-Quik; Dade Bering, Newark, DE, USA) according to the direction of the manufacturer. Samples that suggested contamination with gut contents (due to honey that did not dry prior to staining, or pollen grains that were evident by microscopy) were excluded from further analysis. Two additional microliters of hemolymph were diluted 100-fold in Hanks Balanced Salt Solution (HBSS \#10-547F Cambrex Bio Science, Walkersville, MD, USA) containing 1.5 µM PI (ICN19545825, MP Biochemicals, Solon, OH, USA) and 100 ng/ml (2.6 nM protein) WGA-FITC (Sigma, L4895). The cells were then incubated for 15 minutes at 37°C, mixed, and examined immediately (without centrifugation) by flow cytometry.

Flow Cytometry {#s2c}
--------------

A Millipore EasyCyte 5 flow cytometer (using a laser excitation wavelength of 488 nm and Millipore GuavaSoft InCyte 2.6 software) was used to examine samples. A bead set standard provided by Millipore was monitored periodically during the study to ensure reproducibility of scatter and fluorescence measurements, and found to be within all tolerances set by the manufacturer. Red and green fluorescence values were used to evaluate particulate binding by PI and WGA (or annexin V), respectively, and to determine fluorescence following JC-1 staining. A total of 5000 events were collected from each bee or sample, and a threshold value of 25 in forward scatter (FSC) was typically applied to prevent data collection for smaller particles. Both total cell counts and cell percentages were obtained by flow cytometry software. In some cases, flow cytometric analysis was applied to a specific cell type by first gating on the cell population in FSC vs side scatter (SSC) plots, and then determining the mean fluorescence intensity values for the selected population. In this way, fluorescence measurements and concentrations for a given cell type could be determined. For certain analyses, hemolymph probed with PI and WGA as described above was treated with formalin by adding 0.3 volumes of 10% phosphate buffered formalin, (Fisher Scientific, \#SF100-4) at least 15 minutes prior to analysis by flow cytometry.

Apoptosis analysis by annexin V and JC-1 {#s2d}
----------------------------------------

Hemocytes were collected from bees, then probed for molecular evidence of apoptosis. Samples were first exposed to PI and annexin V to evaluate plasma membrane permeability and phosphatidylserine accessibility in the presence of calcium (using the \#APOAF annexin V apoptosis detection kit from Sigma). Next, hemocytes were tested for mitochondrial membrane potential using JC-1 (Mitoprobe kit \#M34152, Molecular Probes of Life Technologies, Carlsbad, CA), in both the presence and absence of the mitochondrial membrane potential disruptor, carbonyl cyanide 3-chlorophenylhydrazone (CCCP) prior to analysis by flow cytometry. Permeabilized cells and plasmatocytes were examined separately for evaluation of labeling by PI and annexin V or JC-1 by selecting specific cell populations from FSC vs SSC plots. As a positive control for the JC-1 analysis, log-phase murine SP2/0 cells were examined in parallel with hemocytes. At least seven different samples containing 5 bees each were prepared and examined for the annexin V and JC-1 analyses. For both annexin V and JC-1 staining, samples were washed in buffer immediately prior to flow cytometry analysis.

Hemocyte classification {#s2e}
-----------------------

Honey bee hemocyte subsets were examined and compared to results from several different insect species. These reports included honey bees [@pone.0108486-deGraaf1], certain members of the Diptera and Lepidoptera insect orders (as described in reviews by Lavine and Strand [@pone.0108486-Lavine1], as well as by Ribeiro and Brehélin [@pone.0108486-Ribeiro1]), and fluorescence-labeling analysis of hemocytes from *Bombyx mori* [@pone.0108486-Ling2], [@pone.0108486-Nakahara1]. Additional information on hemocyte subset identification was derived from the Hymenoptera stingless bee, *Melipona scutellaris* [@pone.0108486-Amaral1].

Estimation of *Varroa destructor* mite numbers in hives {#s2f}
-------------------------------------------------------

Adhesive papers were placed under screened bottom boards of hives to quantify falling *Varroa* mites. The mites were then counted approximately every 2 weeks in three Buckfast-Italian hives over a 16-week period (beginning August 1, 2013, day = 0). Mite counts were then averaged for the number of elapsed days for each collection, and reported as the number of mites collected per day.

Microscopy and Statistical Analysis {#s2g}
-----------------------------------

All microscopic examinations were performed on a Zeiss Axioscope 2-Plus microscope and imaging system using Zeiss Axiovision software. All photomicrographs were obtained using a Zeiss 100× planapochromat oil immersion objective (numerical aperture 1.4), creating a total magnification of 1000×. Levene\'s test for homogeneity of variance and a Shapiro-Wilk test for normal distribution were applied to data sets before examination by ANOVA. If the overall P value was below 0.05, pairwise comparisons were made in a Tukey analysis. Mean values are given as ± standard error of the mean. In all analyses, P values of \<0.05 were considered significant. Linear regression analysis was performed to determine the significance of correlation between the FSC (size) and green fluorescence (WGA-FITC fluorescence) of plasmatocytes, and again to test for correlation between the number of *Varroa* mites collected per day from three hives to the number of plasmatocytes in bees from those hives. Statistical analyses were performed using R software (version 3.0.2) or GraphPad Prism (version 3.03).

Results {#s3}
=======

Flow cytometric analysis of honey bee hemolymph {#s3a}
-----------------------------------------------

Flow cytometry analysis of hemolymph from a single representative bee following exposure to PI and WGA revealed four primary particle subsets ([Figure 1A](#pone-0108486-g001){ref-type="fig"}). Using unlabeled samples, we ruled out unexpectedly high natural fluorescence in honey bee hemocytes that could be interpreted as specific labeling (data not shown). In one particular bee, quadrants 1-4 (Q1-Q4) were populated by events with percentages of 11/19/27/43, respectively, as shown in [Figure 1A](#pone-0108486-g001){ref-type="fig"}. This numbering system that provides relative or quantitative data for particles in the four fluorescence quadrants will hereafter be referred to as the hemocyte profile in our study. Differential coloring of the fluorescent quadrant events shown in [Figure 1A](#pone-0108486-g001){ref-type="fig"} was used to identify the corresponding particles from the same sample in the FSC vs SSC plot (representing particle size and granularity, respectively) shown in [Figure 1B](#pone-0108486-g001){ref-type="fig"}. The average total hemolymph particle concentration for members of the colony from which the bee represented in [Figure 1A and B](#pone-0108486-g001){ref-type="fig"} originated, was determined by flow cytometry to be 4.12×10^4^ particles/µl (±8.0×10^3^ particles/µl, n = 16).

![Honey bee hemolymph analysis by flow cytometry.\
Hemolymph samples from three individual bees were collected and probed with WGA and PI as described in the [Methods](#s2){ref-type="sec"}. Both fluorescence (A) and light scatter (B) data are displayed for hemolymph obtained from a single bee. A) The dot-plot showing fluorescence of WGA-FITC vs PI identifies recognizable groups of particulates in quadrants Q1-Q4, with resulting particle percentages as shown. B) The FSC vs SSC plot provides information on physical parameters for the same particles (in matching color) as those shown in Figure A. Predominance of permeabilized cells (86% of total events from combined Q1 and Q2 quadrants) is shown for a single bee in C, while one bee with 89% plasmatocytes (from Q4) is shown in D.](pone.0108486.g001){#pone-0108486-g001}

Relationships between fluorescence and light scatter properties for hemolymph particles are illustrated in [Figures 1A and 1B](#pone-0108486-g001){ref-type="fig"}. Rationale for identification of particles is explained below in "Hemolymph particle identification". Hemocytes that appeared in the upper left quadrant (Q1, yellow dots) of [Figure 1A](#pone-0108486-g001){ref-type="fig"} were identified as the first of two subsets of permeabilized cells. These Q1 cells showed obvious staining by PI but not WGA. Light scatter values (FSC vs SSC) suggested the Q1 permeabilized cells were intermediate in both size and optical complexity relative to other hemolymph particles. The majority of events from the upper right quadrant (Q2, red dots) were determined to be the second subset of permeabilized cells. We observed that about half of the particles in the Q2 quadrant could be shifted to the Q1 quadrant by treatment in buffered formalin for 15 minutes as described in the [Methods](#s2){ref-type="sec"} (data not shown). Cells appearing in Q2 were stained not only by PI, but also by the WGA plasma membrane probe. They also demonstrated higher FSC and SSC values when compared with permeabilized cells in Q1, indicating they have greater size and granularity. A minor set of particles in Q2 showed particularly strong signal in both the fluorescence and light scatter channels, which could represent either a rare cell type or particle aggregate. Microparticles not bound by either fluorescent probe appeared in the lower left quadrant (Q3, blue dots) of [Figure 1A](#pone-0108486-g001){ref-type="fig"}, and typically mapped low for FSC and SSC, which suggested their small size and low granularity as shown in [Figure 1B](#pone-0108486-g001){ref-type="fig"}. We identified plasmatocytes in the lower right quadrant (Q4, green dots in [Figure 1A](#pone-0108486-g001){ref-type="fig"}), which were bound by WGA but not PI. These Q4 cells formed a clear group in the FSC vs SSC plot ([Figure 1B](#pone-0108486-g001){ref-type="fig"}) where they were found to be the largest (in dimension) of the major particle groups. WGA fluorescence of plasmatocytes was not altered by formalin treatment as described above (data not shown).

Hemolymph from individual bees was often represented by particles in each of the four fluorescence quadrants, such as in the example shown in [Figures 1A and B](#pone-0108486-g001){ref-type="fig"}. However, hemolymph occasionally contained an unexpected predominance of events in specific areas of the fluorescence plot. For example, in one bee with a hemocyte profile of 48/38/5/9, 86% of the total events were permeabilized cells (Q1 and Q2) and formed a discrete region (yellow and red events) in the FSC vs SSC plot ([Figure 1C](#pone-0108486-g001){ref-type="fig"}). In a different bee with a profile of 0/1/10/89, the majority of the events were plasmatocytes, and produced the predominant population in the FSC vs SSC plot (green events) shown in [Figure 1D](#pone-0108486-g001){ref-type="fig"}.

Examination of a total of 634 individual honey bees from different colonies, representing diverse maturation, casteism, condition, and genetic strain, showed a spectrum of particulate profiles. These data provided information to construct a summary plot for FSC vs SSC events ([Figure 2A](#pone-0108486-g002){ref-type="fig"}) found in bee hemolymph. This figure shows four regions outlined in colors matching those from the corresponding fluorescence and light scatter plots shown in [Figure 1](#pone-0108486-g001){ref-type="fig"}. The summary plot relates properties of particle light scatter (and therefore their physical parameters), which were useful in correlating flow cytometry data to objects seen by microscopy, as described below.

![Association of flow cytometry light scatter profiles with particle types observed in Wright-stained smears.\
A) Analysis of flow cytometry data from a total of 634 individual bees, including several common bee strains, resulted in a FSC vs SSC summary plot that provides information about size and complexity in particles observed in hemolymph. Colors of regions used in the summary plot match those shown in [Figure 1](#pone-0108486-g001){ref-type="fig"}. B) Photomicrographs of Wright-stained particles correspond to regions Q1-Q4 of the summary plot include Q1: image of a permeabilized cell (blue arrow) lacking an obvious plasma membrane (and plasmatocyte with plasma membrane for comparison), Q2: permeabilized cell surrounded by a plasma membrane, Q3: microparticles, and Q4: plasmatocyte with rounded termini (and pointed termini, inset). The scale bar represents 5 µm for all images.](pone.0108486.g002){#pone-0108486-g002}

Microscopic analysis of honey bee hemocytes {#s3b}
-------------------------------------------

Hemolymph samples showing a predominance of specific particle types by flow cytometry were examined by microscopy following Wright staining as shown in [Figure 2B](#pone-0108486-g002){ref-type="fig"}. Events appearing in the Q1 area of [Figure 2A](#pone-0108486-g002){ref-type="fig"} corresponded with the type of cell represented in [Figure 2B](#pone-0108486-g002){ref-type="fig"}, Q1 identified by the blue arrow (the image also includes a larger membrane-bound plasmatocyte for comparison). Plasma membranes of the Q1 permeabilized cells were typically not visible by Wright stain, and cells usually appeared to contain a diminished amount of cytoplasm. Therefore, dimensions for all hemocyte types were collected only for nuclei. These Q1 permeabilized cells contained round or slightly oval nuclei with a long diameter for the nucleus of 3.99 µm (±0.08 µm, n = 12). Flow cytometry data with a predominance of Q2 events corresponded to a different type of permeabilized cell, in which nuclei were indistinguishable in shape and size (3.78 µm±0.12 µm, n = 12) from those of Q1. However, Q2 permeabilized cells generally showed evidence of plasma membranes ([Figure 2B](#pone-0108486-g002){ref-type="fig"}, Q2). This observation was consistent with Q2 permeabilized cells having greater FSC and SSC values when compared with those found in Q1. Q2 cells showed labeling by the WGA plasma membrane probe. Our data suggested Q1 and Q2 events may represent a continuum of permeabilized cell forms, differing in the amount of associated plasma membrane and cytoplasm, and this was supported by the shift of some cells from Q2 to Q1 due to formalin treatment, as indicated above. A different type of hemolymph particle ([Figure 2B](#pone-0108486-g002){ref-type="fig"}, Q3) appeared too small by microscopy (total particle diameter 2.72 µm ±0.15 µm, n = 12) to represent a complete cell. These acellular (Q3) objects sometimes showed a small darkly-staining central region, as shown in the image. Both the overall cell morphology and nuclei of plasmatocytes (shown in [Figure 2B](#pone-0108486-g002){ref-type="fig"}, Q4) were relatively large and elongated with a long dimension for the nucleus of 7.67 µm (±0.22 µm, n = 12). Plasmatocytes invariably appeared to have intact cytoplasm and plasma membranes, and sometimes demonstrated pointed termini ([Figure 2B](#pone-0108486-g002){ref-type="fig"}, Q4, inset). The possibility that plasmatocytes exist in two subsets (with rounded or pointed termini) has not been previously reported, but was suggested due to their co-localization in both the fluorescence and light scatter plots. The appearance of intact plasma membranes around plasmatocytes following Wright stain was consistent with their invariant absence of PI staining by flow cytometry.

To further investigate Q1 and Q2 cell permeability and staining by PI, we examined cell samples following incubation with increasing concentrations of saponin. We previously reported that treatment of human neutrophils in 0.01% saponin renders plasma membranes permeable to PI staining [@pone.0108486-Burritt1]. However, PI labeling was not increased in Q1 and Q2 permeabilized cells even after treatment in up to 5% saponin (data not shown). This result supports the notion that permeabilized cell nuclei (but not nuclei of plasmatocytes) were fully accessible to PI without chemical permeabilization of membranes by saponin. This result argues against an intermediate level of PI staining in honey bee hemocytes, as observed in hemocytes from certain lepidopteran species [@pone.0108486-Nakahara1].

Examination of hemocytes for evidence of apoptosis {#s3c}
--------------------------------------------------

Our results showed honey bee permeabilized cells (but not plasmatocytes) were stained by PI immediately upon collection from the live bee and examination by flow cytometry. This unexpected result suggested the permeabilized cells may be involved in programmed cell death or necrosis. We therefore tested them for evidence of apoptosis using annexin V, which labels exposed phosphatidylserine in cell membranes. We also examined them for evidence of mitochondrial membrane potential using the fluorochrome, JC-1 [@pone.0108486-Cossarizza1]. Following exposure to PI and annexin V, hemocyte subsets were identified in FSC vs SSC plots as shown in [Figure 3A](#pone-0108486-g003){ref-type="fig"}, where permeabilized cells and plasmatocytes were identified using red and blue dots, respectively. Green dots represent cells or microparticles lying outside the specified regions. When fluorescence values for these same events were displayed, permeabilized cells appeared primarily in the upper right quadrant of the plot, indicating labeling by annexin V as well as PI ([Figure 3B](#pone-0108486-g003){ref-type="fig"}). These data confirmed accessibility of annexin V to phosphatidylserine in plasma membranes of permeabilized cells, and permeability of plasma membranes to PI. In contrast, plasmatocytes were located mainly in the lower left quadrant, indicating they were not labeled by either PI or annexin V.

![Honey bee hemocyte staining by annexin V.\
Hemolymph from five bees was pooled and probed with both PI and annexin V, then examined by flow cytometry. A) Events displayed in the FSC vs SSC plot were used to locate regions corresponding to permeabilized cells (red dots) and plasmatocytes (blue dots), where overlap of cell types was minimal. Green dots represent microparticles and cells lying outside the selected regions. B) Fluorescence measurements obtained on particle subsets shown in A (using the same coloring scheme) indicate permeabilized cells are bound by annexin V and PI, while plasmatocytes were not labeled by either fluorochrome. The data are representative of 12 separate examinations involving hemolymph from 60 bees tested on three separate days.](pone.0108486.g003){#pone-0108486-g003}

Loss of mitochondrial membrane potential revealed by JC-1 staining is typically observed in apoptosis [@pone.0108486-Cossarizza1]. Hemocytes were therefore probed with JC-1 to identify mitochondrial membrane potential in the presence and absence of the CCCP mitochondrial membrane potential disruptor ([Figure 4](#pone-0108486-g004){ref-type="fig"}). Permeabilized cells and plasmatocytes were selected from FSC vs SSC plots as described above, and examined separately to calculate the ratio of the red to green mean fluorescence intensity for the selected cell subsets, which was required to obtain information about mitochondrial membrane potential by JC-1. Unexpectedly, both permeabilized cells and plasmatocytes revealed little if any mitochondrial activity due to their fluorescence values (filled bars), and in both cell types this value paradoxically increased in the presence of the CCCP mitochondrial membrane potential disruptor (open bars). Log-phase murine SP2/0 cells repeatedly showed significantly stronger mitochondrial membrane potential relative to either hemocyte type (P\<0.001). Unlike the situation in the hemocytes, the signal in the SP2/0 cells could be significantly (P\<0.001) reduced with CCCP.

![JC-1 staining to identify mitochondrial membrane activity in honey bee hemocytes.\
Hemolymph samples from five bees were pooled and split into two equal volumes, then exposed to either the JC-1 probe alone, or JC-1 in the presence of the mitochondrial membrane potential disruptor, CCCP. Permeabilized cells and plasmatocytes were identified in FSC vs SSC plots, which were selected to determine the fluorescence intensity for the respective cell type. Bars represent the mean fluorescence intensity ratio (red/green) for replicates, both with (open bars) and without (filled bars) CCCP. Error bars define SEM, n = 7 samples; where each sample represents a pool of five unique bees. The murine SP2/0 cell line was used as a positive control. Data are representative of results obtained on two separate days.](pone.0108486.g004){#pone-0108486-g004}

Hemolymph particle identification {#s3d}
---------------------------------

Our flow cytometry and microscopy suggested at least three hemocyte subsets and one acellular particle routinely appeared in hemolymph of honey bees. We reasoned that identification of the specific cell types would assist with interpreting their cellular function and role in host defense. However, we found comparison of hemocyte types among different insect species yielded few similarities, as previously reported [@pone.0108486-Lavine1], [@pone.0108486-Ribeiro1]. Nevertheless, we assigned labels to the individual cell subsets observed in the honey bees, based on existing literature. We expect that further refinement of identification for hemolymph particles in honey bees may occur as new molecular, ultrastructural, and functional studies are applied.

We classified both Q1 and Q2 cells (shown in [Figure 2B](#pone-0108486-g002){ref-type="fig"}) as permeabilized cells to reflect their unexpected plasma membrane properties. These cells may be derived from granulocytes due to their minimal spreading on glass surface [@pone.0108486-Ribeiro1] (data not shown), size comparison [@pone.0108486-Lavine1], and labeling with PI [@pone.0108486-Nakahara1]. However, the appearance of granularity in these cells after Wright staining was not informative, and their unusual properties warrant further characterization.

When examined by microscopy, Q3 particles in [Figure 2B](#pone-0108486-g002){ref-type="fig"} did not show similarity to hemocytes or other cells described, and were typically present in the greatest concentration relative to other hemolymph particles. We typically observed uniformity in shape, but variability in size among these Q3 particles (shown by FSC values, data not shown). We assume these particles are produced as membrane blebs from cells, though the type of cells from which they originate is not yet known. We identified Q3 events as microparticles based on modest similarity to structures described in a variety of mammalian body fluids [@pone.0108486-Roseblade1], [@pone.0108486-Jy1]. These objects may be related to microparticles linked with hemolymph clotting in *Drosophila* [@pone.0108486-Schmidt1]. At this time, few clues are available to speculate further on the function of these particles in honey bee hemolymph.

Cells shown in [Figure 2B](#pone-0108486-g002){ref-type="fig"}, Q4 were identified as plasmatocytes based on labeling by WGA, lack of staining by PI [@pone.0108486-Nakahara1], and spindle-shaped morphology in some cells [@pone.0108486-Ribeiro1]. Though plasmatocytes from *Drosophila* and certain species of Lepidoptera have been observed to spread rapidly on glass [@pone.0108486-Ribeiro1], we did not observe this response in any cell type in bee hemolymph within 30 minutes at 25°C. Though phagocytosis of foreign objects by plasmatocytes has also been reported by some investigators as reviewed [@pone.0108486-Lavine1], we did not observe this activity in any cell type we observed, despite the observation that free bacteria were occasionally found in hemolymph.

Smears of bee hemolymph sometimes showed hemocyte aggregation, as shown in [Figure 5](#pone-0108486-g005){ref-type="fig"}. Such events were typically observed when samples inadvertently contained setae (identified by the white arrow in the inset), which are small feather-like projections from the external surface of the bee. Cell aggregates involved abundant numbers of permeabilized cells as well as some plasmatocytes, which is reminiscent of the encapsulation process by hemocytes in insects, including the lepidopteran species, *Pseudoplusia includens* [@pone.0108486-Pech1], [@pone.0108486-Lavine2].

![Aggregation of honey bee hemocytes involving permeabilized cells and plasmatocytes.\
Hemocyte aggregates were occasionally found in Wright-stained smears of hemolymph samples inadvertently containing setae from the surface of the bee (white arrow, inset). Resulting aggregates included both plasmatocytes (plas.) and permeabilized cells (perm.). Plasma membranes were seen surrounding plasmatocytes. This observation contrasted with permeabilized cell nuclei that appeared to be associated with variable amounts of cytoplasm, with little evidence of plasma membranes. The total magnification for each image is 1000X, and the scale bar represents 10 µm for the primary image and 20 µm for the inset.](pone.0108486.g005){#pone-0108486-g005}

Possible practical application of hemocyte profiling {#s3e}
----------------------------------------------------

We applied hemocyte profiling to bees from three established colonies differing in *Varroa* mite burden, where the mite number collected per day for each hive is represented in [Figure 6A](#pone-0108486-g006){ref-type="fig"}. This demonstrated the possibility of hemocyte profiling to explore responses of bees to a specific variable. However, additional colonies would need to be examined to establish specific relationships connecting changes in hemocyte profiles to *Varroa* mite numbers. Except for mite load, the three colonies sampled were similar with regard to strength, location, time since establishment, equipment type, and bee strain. The three colonies differed with regard to numbers of *Varroa* mites, though none had a history of treatment to reduce mite loads. Hemocyte profiling was applied to the three hives on day 88, which was the next sampling opportunity following the peak of mites observed in hive \#2. Bees were collected from each colony and hemocyte profile indices were determined as described. The average number of hemolymph particles expressed in units of concentration (\#/µl) for Q1-Q4 events is shown in [Figure 6B](#pone-0108486-g006){ref-type="fig"}. Significant differences were noted when comparing hives for Q1 (permeabilized cells, P = 0.02 comparing hive 1 to 3) and for Q4 (plasmatocytes, P\<0.001 when comparing hive 1 to hive 2).

![Hemocyte profiling of bees from colonies differing in numbers of *Varroa destructor* mites.\
A) *Varroa* mites collected from hives 1-3 are represented by the number collected per day on adhesive paper. Hemocyte profiling was performed for all three hives on day 88 following the peak noted in hive 2. B) Hemolymph particles in bees from each hive were quantified and reported in number per µl of hemolymph, according to their localization in specific quadrants (Q1-Q4) of the fluorescence plots. Significant differences between hives were noted for Q1 (permeabilized cells: P = 0.02 comparing hive 1 to 3), and for Q4 (plasmatocytes: P\<0.001 comparing hive 1 to hive 2). Other comparisons within quadrant types were not found to be significantly different.](pone.0108486.g006){#pone-0108486-g006}

Q1 permeabilized cell and plasmatocyte concentrations were found to be lowest in hive 1, which was parasitized by the fewest number of *Varroa* mites. When comparing the average plasmatocyte number in hemolymph on day 88 to the number of *Varroa* mites recovered per day during the most recent sampling, a correlation coefficient (R^2^ value) of 0.995 was observed. These results suggest hemocyte profiles of honey bees may provide information regarding the colony-wide impact of a variable, as well as those within specific members.

Plasmatocyte mean fluorescence intensity due to labeling by WGA and FSC values were found to be significantly greater in hive \#1, relative to each of the other two hives on day 88 (P\<0.001 for both WGA and FSC, [Figure 7A](#pone-0108486-g007){ref-type="fig"}). To further investigate the relationship between WGA labeling and plasmatocyte size, the mean green fluorescence intensity was compared with FSC values by scatter plot for each of the bees from hives 1--3. Each symbol was used to represent the average plasmatocyte value from a single bee, and was color matched to the respective hive ([Figure 7B](#pone-0108486-g007){ref-type="fig"}). Plasmatocytes from hives 1--3 collectively showed a positive correlation (R^2^ = 0.33, P\<0.001) between WGA fluorescence and cell size (FSC). These results indicated that plasmatocytes in bees from hive \#1 were significantly larger and more fluorescent (though lower in concentration) than those obtained from the other two hives.

![Correlation of plasmatocyte WGA-FITC fluorescence to FSC in bees exposed to variable *Varroa* mite numbers.\
A) Plasmatocyte populations were selected from FSC vs SSC plots for bees represented in [Figure 6B](#pone-0108486-g006){ref-type="fig"}, then evaluated for both WGA-FITC fluorescence and FSC with respect to each hive. Plasmatocytes from bees in hive 1 showed significantly greater (P\<0.001, n = 16) WGA-FITC labeling intensity and FSC values when compared to either hives 2 or 3. By contrast, plasmatocytes from hives 2 and 3 were not significantly different (P\>0.05) for either parameter. B) Linear regression analysis for plasmatocytes from all hives collectively shows correlation (R^2^ = 0.33, P\<0.001) of WGA-FITC labeling to FSC values, where color labeling of individual bees identifies the hive number.](pone.0108486.g007){#pone-0108486-g007}

Discussion {#s4}
==========

Honey bee hemocyte profile analysis by flow cytometry {#s4a}
-----------------------------------------------------

A worldwide effort is underway to mitigate global losses of honey bees, though a comprehensive understanding of this problem has proven elusive. Current evidence indicates *Varroa* mites contribute to colony loss, as mites may induce immune suppression in bees [@pone.0108486-Yang1], as well as transmit viral pathogens [@pone.0108486-Dainat2], [@pone.0108486-Yang2]--[@pone.0108486-Francis1]. Bacterial infection may further predispose immune deficiency in honey bees [@pone.0108486-Gatschenberger1], [@pone.0108486-Yang1]. In spite of this situation, relatively few studies are focused on cellular defense mechanisms in honey bees. These concerns suggest a need for better strategies to monitor hemocyte subsets in honey bees and to better define the contribution of pathogens in colony failure.

The hemocyte profiling method we describe can complement functional, cytological, or molecular analyses in honey bees, and provide information with resolution to a single bee. A flow cytometer is needed for the analysis, but hemocyte profiling is rapid and does not otherwise require specialized equipment, laborious methods, or expensive reagents. Our typical procedure involving WGA and PI staining did not involve centrifugation of samples at any point, thereby avoiding cell loss and possible sedimentation artifacts in cells. Flow cytometry can quickly provide large data sets from small sample sizes. We found that 2--3 µl of hemolymph is sufficient for both smear preparation and flow cytometry for a single bee. Modern flow cytometry software that utilizes data analysis functions to generate heat maps can relate sample groups with specific trends shown by a number of different measurements.

Our results revealed unexpected diversity in hemocyte profiles of honey bees within a single hive. We found examples of individuals with profiles that were dramatically enriched for specific quadrant types when plotted by fluorescence due to PI and WGA. One possible reason for the observed variation could be age-related changes in hemocyte types that respond normally to temporal influences in the adult insect. Such differences could impact changes in bee immunity, which has been a subject of considerable interest. Dynamics of hemocyte profiles may also reflect altered conditions within the colony, external influences such as weather or chemical exposure, or responses to infectious agents.

Plasma membrane differences in permeabilized cells {#s4b}
--------------------------------------------------

The notion that permeabilized cell plasma membranes are indeed compromised was supported by several independent observations in our study. The first is that their nuclei are uniformly accessible to PI, which is frequently used in the analysis of mammalian cells to identify dead or apoptotic cells and those with permeabilized plasma membranes. Staining of cells by PI has been noted in other insect species [@pone.0108486-Ling2], [@pone.0108486-Nakahara1], but the reason for this observation has not been extensively explored. The second is that the Q1 permeabilized cells were not labeled by the plasma membrane probe, WGA (though Q2 permeabilized cells were bound by that probe). Finally, we noted that plasma membranes are difficult to observe surrounding Q1 permeabilized cells when examined by microscopy following Wright stain. These observations may be related to a previous report of "cytoplasm disruption" in granulocytes from the stingless bee, *Melipona scutellaris* [@pone.0108486-Amaral1], which shares the Hymenoptera order with the honey bee.

We cannot exclude the possibility that the microparticles we described are derived from membrane blebs produced by permeabilized cells undergoing apoptosis. This activity is seen in mycopathogen-induced apoptosis in hemocytes of the pine beetle (*Dendrolimus tabulaeformis*) larvae [@pone.0108486-Fan1], and in apoptotic hemocytes from wax moth (*Galleria mellonella*) infected with the bacterium, *Pseudomonas aeruginosa* [@pone.0108486-MizerskaDudka1].

Hemocyte apoptosis? {#s4c}
-------------------

We utilized flow cytometry to show that honey bee permeabilized cells were bound by annexin V, consistent with the possibility that they are undergoing apoptosis. However, permeabilized cells also label with PI. Thus, it is possible that plasma membrane permeability renders them accessible to annexin V by exposing phosphatidylserine on the intracellular aspect of the cell membrane, rather than on the membrane exterior which would be consistent with apoptosis. As such, we cannot definitively conclude that annexin V labeling of permeabilized cells is due to apoptosis and not necrosis caused by some other factor. However, the lack of annexin V binding on plasmatocytes argues against apoptosis in that cell type.

Our results using the JC-1 probe indicated an apparent lack of mitochondrial membrane potential both in permeabilized cells and plasmatocytes of honey bees. This same approach was successful showing mitochondrial activity in our cultured mouse myeloma cells, in which the signal was significantly reduced using the CCCP mitochondrial membrane potential disruptor. This information could indicate that examination of mitochondrial activity in honey bee hemocytes is not feasible with JC-1. Yet this staining method was used to show mitochondrial activity in hemocytes of lepidopteran larvae [@pone.0108486-Suderman1]. Another explanation consistent with our data, is that the bees we examined contained hemocytes with inactive mitochondria. Further analyses are needed to investigate this possibility, and to determine whether this condition is associated with immune deficiency in honey bees.

Our data collectively indicate the permeabilized cells we observed in honey bee hemolymph are either dead or damaged. Their condition suggests they may be unlike typical classes of invertebrate hemocytes that have been described [@pone.0108486-Lavine1], [@pone.0108486-Ribeiro1]. In mammals, activation of neutrophils can lead to liberation of microbicidal oxygen radicals that lead to cell death. This activity can result in production of neutrophil extracellular traps (NETS), which have received considerable attention since they were first described in 2004 [@pone.0108486-Brinkmann1]. Whether the permeabilized hemocytes of bee hemolymph we observed bear evidence of caustic antimicrobial activity, specialized defensive mechanism, or natural progression toward elimination and removal, is unclear at this time.

Hemocyte aggregation {#s4d}
--------------------

Despite absence of obvious mitochondrial membrane potential in honey bee hemocytes, we found that these cells appear to aggregate upon contact with the external surface of the bee. This suggests a natural mechanism to suppress hemolymph loss following cuticle damage, as indicated by electron microscopy [@pone.0108486-Kanbar1]. Resulting cell clotting may also be similar to hemocyte encapsulation in response to inflammatory stimuli [@pone.0108486-Lavine2], pathogen attack, or another physiological trigger. Therefore, bee permeabilized cells and plasmatocytes appear to display a molecular ligature for binding to other cells or surfaces; and through this mechanism, a functional role in response to pathogens or wound healing.

A possible application of hemocyte profiling {#s4e}
--------------------------------------------

Our results indicated an external stress factor such as *Varroa* mite burden may influence hemocyte profiles in honey bees. The changes we observed were seen both in the numbers of permeabilized cells and plasmatocytes, as well as in the size and labeling intensity of plasmatocytes by WGA. Hemocyte profile plasticity may therefore be utilized as a means of evaluating certain aspects of insect physiology in response to external conditions as suggested [@pone.0108486-Amdam2]. To our knowledge, size differences in hemocytes have not previously been suggested to be a measure of physiological changes in hymenopteran insects.

The possibility that certain aspects of honey bee hematopoesis are affected by external stimuli identifies an opportunity to further examine this aspect of bee immunity. Hematological evidence in mammals shows the size of certain cells can be a clue to specific diseases or nutritional deficiencies. For example, human red blood cells appearing smaller or larger than normal (microcytic or macrocytic conditions) can be associated with iron or folate/vitamin B12 deficiency, respectively [@pone.0108486-Ford1]. Whether the size of plasmatocytes in honey bees can be linked with a specific condition associated with colony health is not currently known.

Conclusion {#s5}
==========

In summary, we report a rapid method of examining honey bee hemocyte profiles that may be sensitive to conditions that impact their health and social structure. Expansion of this approach to connect indices of honey bee hemolymph with stress factors will provide a better understanding of their susceptibility to challenge, disease, and hive failure. Further studies are needed to unravel these complex relationships.
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